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Immunogenicity and protective activity of four cell-based feline immunodeficiency virus (FIV) vaccines
prepared with autologous lymphoblasts were investigated. One vaccine was composed of FIV-infected cells that
were paraformaldehyde fixed at the peak of viral expression. The other vaccines were attempts to maximize the
expression of protective epitopes that might become exposed as a result of virion binding to cells and essentially
consisted of cells mildly fixed after saturation of their surface with adsorbed, internally inactivated FIV
particles. The levels of FIV-specific lymphoproliferation exhibited by the vaccinees were comparable to the ones
previously observed in vaccine-protected cats, but antibodies were largely directed to cell-derived constituents
rather than to truly viral epitopes and had very poor FIV-neutralizing activity. Moreover, under one condition
of testing, some vaccine sera enhanced FIV replication in vitro. As a further limit, the vaccines proved
inefficient at priming animals for anamnestic immune responses. Two months after completion of primary
immunization, the animals were challenged with a low dose of homologous ex vivo FIV. Collectively, 8 of 20
vaccinees developed infection versus one of nine animals mock immunized with fixed uninfected autologous
lymphoblasts. After a boosting and rechallenge with a higher virus dose, all remaining animals became

infected, thus confirming their lack of protection.

Feline immunodeficiency virus (FIV) is an important patho-
gen of domestic cats and a valuable model for AIDS studies
(51). In particular, FIV has been extensively used for testing
strategies for the development of anti-human immunodefi-
ciency virus type 1 (HIV-1) vaccines, with outcomes that have
ranged from complete immunity to absolute lack of protection
or even enhanced susceptibility, depending on the types of
immunogen and viral challenge used (for reviews, see refer-
ences 4, 13-15, 28, and 64). For example, in experiments in
which the challenge consisted of ex vivo-derived FIV never
passaged in vitro and therefore representative of difficult-to-
neutralize field strains, a vaccine composed of cells of the
T-lymphoid line MBM acutely infected and paraformaldehyde
fixed at the FIV expression peak (FC™BM vaccine) efficiently
protected specific-pathogen-free (SPF) cats against homolo-
gous virus, whereas inactivated cell-free virus vaccines did not
(37-39). Of note, the cell-based vaccine proved promising also
when tested in field cats (40).

The present extension of our studies was prompted by sev-
eral findings. First, a number of HIV-1-neutralizing, gp120-
specific human and murine monoclonal antibodies were seen
to react with increased affinity with receptor-complexed gp120,
suggesting that the epitopes involved are especially exposed on
cellular surface-bound virions (30, 60). Second, immunization
of specific transgenic mice with paraformaldehyde-fixed mix-
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tures of cells expressing HIV-1 Env glycoproteins (gp) and
receptors yielded antibodies that neutralized an unusually
broad range of primary HIV-1 isolates, suggesting that, after
interaction with appropriate cell receptors and transition to a
“fusion-competent” conformation, the Env of HIV-1 expresses
otherwise cryptic conserved neutralization epitopes (32, 47).
Third, anti-HIV monoclonal antibodies produced by immuniz-
ing mice with virus-infected cells were often neutralizing (11).
Finally, the FCM®M vaccine was seen to absorb neutralizing
antibodies from infected cat sera in vitro more efficiently than
inactivated whole FIV vaccines (23). These findings, in con-
junction with the observation that day-of-challenge FIV neu-
tralizing titers of FCMPM.vaccinated cats correlated with pro-
tection (23), made it feasible that the superior protective
efficacy of this and similar cell-based vaccines tested by other
groups (3, 16, 27, 67, 68) relative to the ones composed of
cell-free virions was due to viral epitopes rendered immuno-
logically functional by FIV interaction with cell surfaces (des-
ignated here as interaction dependent [ID]).

In an attempt to test such possibility, we prepared and tested
in SPF cats four differently formulated cell-based vaccines hav-
ing as a common feature the use of autologous primary lym-
phoblasts (PLB). It was, in fact, reasoned that formulating the
vaccines with autologous instead than allogeneic cells would
minimize the load of nonviral antigens in the inocula, thus
favoring the generation of immune effectors directed at viral
determinants—especially the ones less powerful or less repre-
sented—and hopefully affording a solid protection. Except for
substrate cells, one autologous vaccine (FC*®) was formu-
lated exactly as the FCMBM vaccine discussed above. The oth-
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FIG. 1. Experimental plan. Groups of five cats (four in the case of the mock-1 vaccine) were given five subcutaneous doses of the immunogens
mixed 1:1 with incomplete Freund’s adjuvant in a total volume of 2 ml (small arrows). The immunogens used and their FIV contents are shown
in Table 1. Two months after completion of this primary immunization, all cats were challenged intravenously (large arrows) with 5 CIDs, of
homologous virus (plasma of infected cats). The animals that after 7 months were still virus negative were given a booster dose of their respective
immunogens and, after 2 additional months, challenged again with 10 CIDs, of the same virus.

ers (ID-1, ID-2, and ID-3) were attempts to enrich the immu-
nogens in putative ID determinants and consisted of cells
mildly fixed after near saturation of their surface with ad-
sorbed, internally inactivated FIV particles. None of these
vaccines induced adequate levels of FIV-neutralizing antibod-
ies in immunized cats. On the contrary, under one condition of
testing, the sera of ID vaccine groups enhanced FIV replica-
tion in vitro. Also, formation of anti-cell antibodies was not
prevented, and the vaccinees failed to respond anamnestically
to a booster dose. Furthermore, all vaccine groups proved
unprotected against the homologous virus, and some possibly
exhibited an augmented susceptibility compared to animals
mock immunized with fixed uninfected autologous PLB.

MATERIALS AND METHODS

Animals, cells, and viruses. Female SPF cats, 7 months old when received
from Iffa Credo (L’Arbresle, France), were housed individually in our climatized
animal facility under European Community law conditions, sorted at random
into groups, and clinically examined once per week. Several weeks before the
experiment started, all animals were bled under slight anesthesia to obtain
peripheral blood mononuclear cells (PBMC). The PBMC of each individual
animal were then immediately and separately stimulated with 5 g of concanava-
lin A (ConA)/ml in mass culture, and PLB generated 3 days later were washed
and used to prepare the entire set of vaccine doses needed for the immunization
schedule in Fig. 1 with the formulations described below. Between-animal vari-
ations in PLB ability to support FIV growth in vitro were minimal to none (data

not shown). Unless otherwise stated, the virus was the Italian isolate FIV-M2 of
clade B, which has been widely used in our laboratory (37-39). The stocks of this
virus used in vaccines preparation and in neutralization assays, as well as the
stocks of FIV-M45 and M73 used in some neutralization tests, had been prop-
agated a limited number of times in vitro and consisted of supernatant harvested
from acutely infected MBM cells at the time of peak reverse transcriptase (RT)
production. MBM cells are a line of interleukin-2- and ConA-dependent feline
T-lymphoid cells established in our laboratory from the PBMC of an uninfected
SPF cat (38). The stock of FIV-M2 used for challenging vaccinees had instead
been passaged only in cats and consisted of plasma prepared and titrated in vivo
as previously described (38).

FCP® vaccine. This immunogen was prepared exactly as previously described
(38) except that autologous PLB substituted for the MBM cells. In brief, PLB
were infected with FIV at a multiplicity of infection of 0.02 and, 8 days later, i.e.,
at the peak of virus expression as determined by indirect membrane immuno-
fluorescence (IF), were fixed with 1.25% paraformaldehyde at 37°C for 24 h.
Inactivation of infectivity was verified by inoculating MBM cells, which were
maintained in culture for 8 weeks without recovery of virus. Each vaccine dose
consisted of 5 X 10° total cells in 1 ml of phosphate-buffered saline (PBS),
corresponding to ca. 2.7 X 10° cells FIV antigen-positive by membrane IF (Table
1). This was considerably less than the 3 X 107 cells per dose, more than 1.8 X
107 of which were virus-positive cells, that had been used in FCMBM vaccine
studies (38) but was the maximum we could achieve with autologous PLB.

Internal inactivation of FIV and preparation of ID vaccines. The ID immu-
nogens were prepared by using FIV internally inactivated with 2,2'-dithiodipyri-
dine (aldrithiol-2 [AT2]). After appropriate pilot experiments (see below), the
viral stock to be used for vaccine preparation was incubated with 300 uM AT2
at 4°C for 2 h, pelleted in the cold at 20,000 X g for 90 min, and resuspended at
1 mg/ml in PBS (AT2-FIV). Immunogen ID-1 was then produced by incubating

TABLE 1. Immunogens used and their FIV contents®

- Mean % IF-positive Mean virus content/10° cells = SD Infectivity
Immunogen Composition . b -
cells + SD Protein® (j.g) RNA“ (no. of copies) In vitro® In vivo/
FCPB Infected, fixed PLB 54+ 1 50 =2 (5.0 = 0.6) x 10° - -
ID-1 PLB + AT2-FIV 23*+2 15+1 (5.8 =0.8) x 108 - -
ID-2 PLB + AT2-FIV + peptide SU5 20+3 11x1 (2.6 = 0.5) x 10® - -
ID-3 PLB + AT2-FIV + peptide TMs, 24 +1 12x2 (24 +03) x 108 - -
Mock-1 PLB 0 0 <10° - -
Mock-2 PLB + peptides SUs and TMs, 0 0 <10? - -

“ Values shown are the means *+ the standard deviations of the immunogens prepared for each prospective vaccinee.
® That is, the percent membrane IF-positive cells when probed with anti-FIV serum and anti-cat IgG polyclonal serum conjugated with fluorescein isothiocyanate.
¢ Cells were lysed in sodium dodecyl sulfate-electrophoresis sample buffer at 60°C for 30 min, electrophoresed, and examined by using a semiquantitative Western

blot assay.
@ Cells were lysed and tested for viral RNA by TM-PCR.

¢ Cells were tested for FIV infectivity by inoculation into MBM cells, which were then monitored for FIV production for 8 weeks.
/Based on testing immunized cats by virus isolation and TM-PCR 5.5 months after the first inoculation of the immunogens.
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AT2-FIV with PLB at the ratio of 20 p.g per 5 X 10° cells at 4°C for 2 h and, after
having pelleted and resuspended them, fixing the virus-PLB complexes with 0.2%
paraformaldehyde at 4°C for 24 h with gentle agitation. The cells were finally
washed four times with abundant PBS, resuspended at 5 X 10° cells per ml in
PBS, divided into aliquots, and stored in liquid nitrogen. For the ID-2 and ID-3
immunogens, the formulation was modified slightly to include two synthetic
peptide inhibitors of FIV active at different steps of cell entry and potentially
capable of stabilizing the viral Env in an optimal conformation for putative ID
epitopes expression. The inhibitors were peptides 5 (for ID-2) and 59 (for ID-3),
derived from the amino-terminal region of the surface gp and from the mem-
brane-proximal domain of the transmembrane gp of FIV (35) and designated
here SUs and TMs,, respectively. The conditions of AT2-FIV—cell contact were
chosen on the basis of observations with HIV-1 (10, 21) partly confirmed with
FIV (8), showing that at 4°C Env adsorption to cells and its initial consequent
changes take place within minutes, but the eventual modifications that lead to
fusion do not occur until the temperature is switched to 37°C. The peptides were
thus added at 6.4 pg/10° cells to AT2-FIV-PLB mixtures prepared exactly as
described for ID-1 formulation and already incubated at 4°C for 1 h. The
mixtures were then further kept an additional h each at 4 and at 37°C and finally
fixed and further processed exactly as for ID-1. Immunizing doses contained 5 X
10° cells, corresponding to 1 to 1.2 X 10° cells FIV antigen-positive by membrane
IF (Table 1).

Mock immunogens. Two mock immunogens were obtained by processing PLB
as for preparation of ID-1 (mock-1) and ID-2 and ID-3 (mock-2), except that
FIV was omitted and mock-2 contained both peptides SUs and TMs,. Each
immunizing dose consisted of 5 X 10° cells (Table 1).

Quantitation of FIV in the immunogens. FIV antigen on the surface of vaccine
cells was determined by IF with the sera of FIV-infected cats as a probe exactly
as previously described (38). Western blotting was also performed as described
previously (6), except that it was rendered semiquantitative by electrophoresing
the vaccines in parallel with scaled concentrations of whole AT2-FIV. The
numbers of FIV RNA copies present in the vaccines were determined by Tag-
Man-PCR (TM-PCR) as detailed below.

Assays for antibodies. The total immunoglobulin G (IgG) binding antibodies
to gradient-purified and sonicated whole FIV, lectin-purified FIV gp, and im-
munodominant linear domains of FIV gp were measured by enzyme-linked
immunosorbent assay (ELISA) as previously described (41). The titers were
expressed as reciprocals of the highest serum dilutions that gave optical density
readings at least threefold higher than the average values obtained with 10
control FIV-negative sera plus three times the standard deviation. Neutralizing
antibodies were measured, with or without prior adsorption of test sera with
MBM cells (23), against 10 50% tissue culture infectious doses (TCIDs,) of
low-passage FIV by using MBM cells as indicator and 50% inhibition of RT
production as the readout. Unless otherwise stated, the test was carried out by
incubating the virus-serum mixtures at 4°C for 1 h, exactly as previously described
(23). Neutralizing titers were defined as the reciprocal of the highest serum
dilution which reduced by =50% the levels of RT activity produced by virus
exposed to the same dilution of serum pooled from 10 normal cats and calculated
by the method of Reed and Miinch (54).

Lymphoproliferation assay. Freshly harvested Ficoll-separated PBMC (1.5 X
10°) were incubated with 0.1 wg of gradient-purified and sonicated whole FIV,
lectin-purified FIV gp, or lectin-purified MBM cell gp in 200 wl of RPMI 1640
containing 10% heat-inactivated, AB-positive human serum and 2 mM r-glu-
tamine and, after 4 days, were pulsed with [*H]thymidine for 18 h. The stimu-
lation index (SI) was calculated as the ratio of radioactivity incorporated in the
presence of antigen to that in the absence. Only SI values of =2 were considered
indicative of FIV-specific lymphoproliferation.

Qualitative and semiquantitative FIV reisolation. Virus reisolation from cats
was carried out by cocultivating 10® ConA-stimulated PBMC with 5 X 10° MBM
cells and assaying the supernatants for RT once a week (38). Cultures were
considered negative if they showed no evidence of RT activity during the 5-week
culture period. Infectious cell loads in the PBMC were determined by limiting-
dilution reisolation.

Detection and quantitation of FIV DNA and RNA. Genomic DNA was ex-
tracted from buffy coat cells by using the QIAamp DNA Blood Mini kit (Qiagen,
Milan, Italy). Provirus DNA was quantitated by amplifying 0.3 to 0.6 pg of
extracted DNA by TM-PCR on the ABI Prism 7700 Sequence Detection System
(Applied Biosystems, Monza, Italy), with 900 nM M2-S sense primer (AGACC
GCTGCCCTATTTCACT; nucleotide positions 1296 to 1316 and referred to as
FIV-Petaluma [59]), 300 nM M2-AS antisense primer (TTCTGGCTGGTGCA
AATCTG:; nucleotides 1367 to 1386), and 100 nM M2-P probe (TGCCTGTTG
TTCTTGAGTTAATCCTATTCCCA; nucleotides 1330 to 1359) and under con-
ditions described elsewhere (52). The standard curve was generated by
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coamplifying serial 10-fold dilutions (10? to 107) of pPGEM-M2 plasmid contain-
ing the whole p25 region of FIV-M2. The lowest limit of detection was 100
copies, as determined by amplifying pPGEM-M2 dilutions in a background of 1 u.g
of genomic DNA.

FIV RNA copies in the immunogens and in plasma were enumerated by
extraction with the RNeasy Mini kit and the QIAamp Viral RNA kit (Qiagen),
respectively, reverse transcribing 10 pl of the extracts with 300 nM M2-AS and
then amplifying by TM-PCR with 900 nM M2-S and 100 nM M2-P. Serial 10-fold
dilutions (107 to 107) of gag p25 RNA transcripts produced by runoff transcrip-
tion of pGEM-M2 were used to produce the standard curve. The sensitivity of
the assay was 200 copies per ml of plasma or 103 copies per 10° cells as deter-
mined by amplifying FIV-negative plasma or cells spiked with serial 10-fold
dilutions of pGEM-M2 RNA transcripts.

Lymphocyte T-cell counts. CD4™ T lymphocytes were enumerated with mono-
clonal antibody FE1.7B12 (obtained from P. F. Moore, Davis, Calif.) and ana-
lyzed in a FACScan flow cytometer (Becton Dickinson, San Jose, Calif.). CD8"
T-lymphocyte counts were also performed but did not provide important infor-
mation for this study.

RESULTS

Production and characterization of the immunogens. For-
mulation of ID vaccines required that FIV was rendered non-
infectious, but conformation and function of its Env remained
in a native state. For this reason, we inactivated FIV by tar-
geting an internal structure. This was attained by using AT2, a
compound which blocks multiple essential functions of the
nucleocapsid protein of retroviruses by covalently binding its
zinc fingers and ejecting the coordinated Zn?" (24). AT2 had
been shown to effectively block the infectivity of HIV-1 and
SIV at a step preceding reverse transcription and to leave the
viral surface conformationally and functionally intact, as de-
termined by normal virion binding to cell receptors, virus-
induced membrane fusion, and immunoreactivity (1, 56, 62),
but had never been used to inactivate FIV. Thus, we prelimi-
narily investigated this aspect. As shown in Fig. 2A, treatment
with =100 puM AT2 at 4°C for 2 h completely ablated FIV
infectivity for highly permissive MBM cells. Based on this
result, we chose to use 300 wuM AT?2 for routine inactivation.
AT2-FIV showed no appreciable deviations in electrophoretic
mobility of the antigens revealed by an immune serum (Fig.
2B) and bound feline PLB as efficiently as native FIV (Fig.
2C). Importantly, because the number of virus particles that
bound PLB reached near saturation at ca. 20 pg of AT2-FIV
per 5 X 10° cells (Fig. 2D), this virus to cell ratio was chosen
for formulating the ID immunogens.

Prior to use in vivo, all of the immunogens prepared as
described in Materials and Methods were characterized. As
summarized in Table 1, they exhibited the expected character-
istics. (i) The FCP™® vaccine had the highest content in viral
components by all of the parameters investigated, a finding
consistent with the fact that it was based on cells productively
infected and fixed at the peak of FIV production. Notably, the
proportion of cells expressing viral antigen on their surface
(54%) was moderately reduced relative to the FCMPM vaccine
of our previous studies which contained >60% virus-positive
cells (38). (ii) Compared to FCF™B, the three ID vaccines
showed about half the number of cells that stained FIV-posi-
tive by membrane IF, ca. one-fourth of the total viral proteins,
and ca. one-tenth of the viral RNA copies, a finding in line with
the fact that FIV had only been fixed onto PLB from without.
(iii) The ID-2 and ID-3 vaccines had viral contents similar to
that of ID-1, a finding consistent with the fact that contained
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FIG. 2. Effects of AT2 treatment on FIV properties. (A) Effect on
infectivity. The FIV stock used for vaccine production was incubated at
4°C for 2 h with the indicated concentrations of AT2 and then titrated
for residual infectivity in MBM cell cultures. Values shown are the
viral titers obtained at day 8 of culture expressed as TCIDs,,. (B) Effect
on electrophoretic mobility. Viral samples treated at 4°C for 2 h with
no AT2 (lane 1) or with 300 uM AT2 (lane 2) were electrophoresed
and then probed with FIV-immune cat serum, followed by peroxidase-
conjugated anti-cat IgG polyclonal antibody. (C) Effect on ability to
bind PLB. A total of 5 X 10° PLB was mixed with the indicated
amounts of FIV, which was either native (m), inactivated with 300 pM
AT2 (), or AT2-inactivated and then disrupted by sonication (OJ).
After 2 h at 4°C, the PLB were pelleted and examined for bound FIV
RNA copies by quantitative TM-PCR. The results are expressed as the
percent viral RNA copies found associated with the cells relative to the
number of input copies. (D) Dose curve of AT2-FIV binding to PLB.
Indicated amounts of AT2-FIV were incubated with 5 X 10° PLB
which, after 2 h at 4°C, were pelleted and examined as described above
for bound viral RNA. The results are expressed as the numbers of viral
RNA copies found associated with the cells.

peptides inhibited FIV entry at steps subsequent to attachment
(35). (iv) Mock-1 and mock-2 immunogens were virus negative
by all of the parameters investigated. (v) All immunogens
proved noninfectious in tissue culture.

We had previously observed that the protective FC™®™ vac-
cine was more effective than other nonprotective vaccines at
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TABLE 2. Ability of different immunogens to consume the FIV-
neutralizing activity of three immune sera

Neutralizing titer after adsorption with immunogen

Serum no.*
None FCPLB 1D? Mock® FCMEM
753 512 64 512 512 <64
1694 512 64 512 512 <64
2508 256 64 64 256 <64

“ All sera were from cats FIV infected 12 months earlier and diluted 1:64 prior
to incubation with the immunogens. The experiment was repeated twice, with
comparable results.

® Pool of ID-1, ID-2, and ID-3.

¢ Pool of mock-1 and mock-2.

depleting immune sera of their FIV-neutralizing antibodies
and proposed this as an in vitro test for screening candidate
vaccines (23). The immunogens were evaluated also in this
respect. Three FIV-infected cat sera, diluted 1:64, were ad-
sorbed in microwells with 2 X 10° vaccine cells at 4°C for 1 h,
incubated for 1 h at 37°C with fresh cells, clarified, and finally
examined for neutralizing activity (23). The specimens tested
were the FCP® vaccine, a pool of the ID vaccines, a pool of
the mock vaccines and, as a positive control, the FCM®M vac-
cine. As shown in Table 2, the mock immunogens had no effect
on the neutralizing power of immune sera, the FC™® vaccine
reduced it uniformly but less efficiently than FCM®M, and the
ID vaccines slightly reduced the titer of one serum only.
Immune responses to the immunogens. All immunogens
were finally used to immunize cats with the schedule in Fig. 1. The
animals remained clinically healthy and, as assessed by culture

-
-

Months after initiation of immunization or booster

10°

titer

Antibody

0 1 2 3 4 5

FIG. 3. FIV-binding IgG antibodies in vaccinated and mock-immu-
nized cats, as determined by ELISA with purified and disrupted whole
FIV (A and C) or lectin-purified gp derived thereof (B and D) as the
test antigen. (A and B) Responses to primary immunization. (C and D)
Responses of animals that had escaped infection after the first virus
challenge to a booster given 9 months after the completion of primary
immunization. Symbols represent geometric means, and bars indicate
95% confidence limits. For symbols without bars, the limits lie within
the symbols. Arrowheads indicate immunogen doses. Immunogen: m,
FCFLB; ¢, ID-1; A, ID-2; @, ID-3; [J, mock-1; O, mock-2.
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TABLE 3. Effect of preadsorbing with MBM cells on the titers of FIV-binding antibodies exhibited by vaccinated, mock-immunized, and
control sera

ELISA antibody titer” with:

Cat group Time of serum collection Whole FIV FIV gp
Untreated Adsorbed Untreated Adsorbed

FCPLB Peak? 5,200 1,600 4,800 3,000
First challenge 2,500 800 3,600 800
Second challenge® 1,200 600 1,200 600
ID-1 Peak 8,000 1,600 5,400 2,500
First challenge 4,400 1,600 4,200 1,800
Second challenge 1,400 1,000 1,800 1,200
ID-2 Peak 4,200 1,000 5,200 1,800
First challenge 2,900 800 4,000 1,200
Second challenge 1,400 800 1,600 800
ID-3 Peak 12,000 3,200 18,000 3,200
First challenge 6,200 1,800 12,000 2,200
Second challenge 2,200 1,000 2,000 1,600
Mock-1 Peak 3,000 <200 2,200 <200
First challenge 1,400 <200 1,400 <200
Second challenge 800 <200 800 <200
Mock-2 Peak 2,400 <200 2,500 <200
First challenge 2,000 <200 2,000 <200
Second challenge 400 <200 400 <200
Infected? 12 mo post infection 10,000 10,000 10,000 10,000
Uninfected, unvaccinated <200 <200 <200 <200

“ The experiment was performed twice with comparable results.
b Peak, four months after initiation of immunization.

¢ Second challenge, animals that had escaped infection after the first challenge alone.

4 Pool of sera 753, 1694, and 2508 described in Table 2.

and PCR assays, FIV-free for at least 5.5 months after the initi-
ation of immunization when they were challenged (data not
shown). Antibody responses were monitored by two IgG ELISA
assays against purified and disrupted whole FIV or lectin-purified
gp derived thereof. As shown by Fig. 3A, binding antibodies to
whole FIV were detected after the second vaccine dose, peaked 4
months after initiation of immunization, and had slightly declined
at the time of challenge. When measured with purified FIV gp
(Fig. 3B), antibody responses appeared especially prompt since
they peaked 1 to 2 months after initiation of immunization in all
groups; however, there was no further increase in antibody level
thereafter, suggesting that the increases in titers detected by the
whole-FIV ELISA at later samplings were mainly due to antibod-
ies against internal virus antigens. No major differences were
noted among groups, but in general the antibody titers elicited by
ID immunogens were moderately higher than those elicited by
the FC?™® vaccine.

In the ELISAs described above, mock-immunized cats also
exhibited substantial levels of reactivity (Fig. 3). Since this
finding raised the clear possibility that a large proportion of the
binding antibodies induced by the vaccines reacted to deter-
minants derived from the host cells used for test antigens
production (61), we proceeded to evaluate the effect of pread-
sorbing the sera with such cells. Adsorption was carried out by
incubating selected pools of sera diluted 1:200 with 10° MBM
cells at 4°C for 1 h, followed by 1 h at 37°C with fresh cells. As

shown in Table 3, this treatment completely removed the
ELISA reactivity of mock-immunized cat sera and markedly
reduced the titers of vaccine sera. It was thus apparent that
only a fraction of the binding antibodies elicited by the vac-
cines were directed to truly viral antigens.

Day-of-challenge sera were also assayed for IgG antibodies to
two synthetic peptides representing immunodominant linear do-

TABLE 4. Antibodies to two immunodominant epitopes of FIV
Env and virus-neutralizing activity in day-of-challenge sera of
vaccinated cats

No. of positive animals/total no. of animals (mean titer = SD)“

Group Binding antibodies to peptide®
Neutralizing antibodies®
V3.3 ™
FCPLB 5/5 (40) 5/5 (40) 4/5 (13 = 3)
ID-1 4536 £26)  3/5(40 = 26) 5/5 (16 + 9)
ID-2 5/5 (64 = 53) 3/5 (67 = 26) 3/5(8)
ID-3 3/5 (53 = 30) 4/5 (50 = 24) 0/5

“ Values are presented as the number of positive animals/the total number of
animals examined, with the mean antibody titer in positive sera = the standard
deviation given in parentheses.

?V3.3 is a 22-mer peptide of the V3 region of FIV surface gp, TM a 20-mer
peptide in the apex region of the transmembrane gp.

¢ Neutralizing antibody titers with or without prior adsorption of sera with the
MBM cells used as substrate for the neutralization assay did not significantly
differ. Preimmunization sera were constantly devoid of neutralizing activity.
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mains of FIV Env (Table 4). Mock-immunized animals tested
uniformly negative (data not shown), whereas vaccinated cats
exhibited generally moderate levels of reactivity (Table 4). Day-
of-challenge sera also exhibited no (ID-3 sera) or very low inhib-
itory activity for the virus used in vaccine preparation when ex-
amined with a sensitive neutralization test (Table 4). All sera also
failed to neutralize FIV-M45 and FIV-M73, two heterologous
clade B Italian isolates (data not shown). Furthermore, adsorp-
tion of sera with substrate cells—a procedure that in a previous
study had revealed the presence of otherwise-masked neutralizing
antibodies (23)—and various modifications of the neutralization
test suggested to us by recent studies with HIV-1 (57, 70) failed to
augment the inhibitory power of sera. On the contrary, when the
conditions for virus-serum contact were modified to facilitate the
action of putative antibodies to ID epitopes (Fig. 4), some vaccine
sera exerted an evident virus-enhancing effect. Specifically, this
was observed with sera from all of the ID groups but not with
FCP™® (Fig. 4) or mock immunogen sera (data not shown).

Cell-mediated immunity was studied in lymphoproliferation
assays by examining PBMC harvested at the time of challenge
and at two earlier time points. As shown in Table 5, a substan-
tial proportion of vaccinees reacted positively to whole FIV
and FIV gp at all three times, with no appreciable differences
among groups and samplings. Mock-immunized animals were
uniformly negative. The same was true for responses to control
gp from the host cells in which the viral antigens had been
produced (data not shown).

Outcome of a first, low-dose virus challenge. Two months
after completion of immunization, all cats were injected intra-
venously with 5 50% cat infectious doses (CIDs,) of FIV
plasma. Table 6 summarizes the results of the 6-month follow-
up. Only one of nine animals in the mock-1 and mock-2 groups
became FIV infected, a result most likely reflecting the sub-
optimal virus dose used. However, due to the lack of an un-
treated control group, we could not exclude that mock immu-
nization contributed to prevent the full success of challenge by
stimulating innate resistance or otherwise (16, 58, 63). In the
vaccine groups the FCP™B. ID-1-, ID-2-, and ID-3-infected
animals were three, two, two, and one of five, respectively
(Table 6 and Fig. 5). Thus, none of the vaccines had protected
the animals, in spite of the weakness of the challenge dose
used, and some had possibly facilitated infection. It should be
noted, however, that the different rates of infection did not
reach statistical significance even when pooled vaccine groups
were compared to pooled control animals. Virus-positive ani-
mals exhibited substantially similar plasma and PBMC viral
burdens and dynamics (Fig. 5) and similar declines of circulat-
ing CD4™ T lymphocytes (Table 6) regardless of the immuno-
gen administered but were too few in each group to provide
valuable information about the infection course.

Response to a booster vaccine dose. Seven months after the
first challenge all cats that had remained uninfected showed
markedly reduced levels of antibodies as determined by ELISA
(Fig. 3C and D). Because it was of interest to rechallenge these
animals, they were administered a booster of the respective
immunogens and, 2 months later, i.e., at the time of second
challenge, they were monitored again. All animals (i) were
found to have undergone very modest or no increases of total
(Fig. 3C and D) and truly FIV-specific binding antibodies
(Table 3), (ii) tested completely negative for neutralizing an-
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FIG. 4. FIV neutralization curves with day-of-challenge vaccine
sera as determined by two different procedures. In the standard pro-
cedure (solid lines), sera were reacted with FIV at 4°C for 1 h before
inoculation into MBM cell cultures, which were then immediately
incubated at 37°C. In the other procedure (dashed lines), aimed at
facilitating antibody interaction with ID epitopes, MBM cell cultures
were reacted with FIV at 4°C for 1 h, inoculated with cold test sera,
further incubated at 4°C for 1 h, and finally transferred to 37°C. All
sera were preadsorbed with MBM cells prior to testing.

tibodies (data not shown), and (iii) were poorly reactive in
lymphoproliferation tests (Table 5), findings indicative of the
absence of an appreciable anamnestic immune response.

Outcome of a second, regular-dose virus challenge. Since
boosted animals remained virus negative, as determined by
culture and PCR (data not shown), they could be challenged
again with the same virus stock and route as for the first
challenge but with a dose increased to 10 CIDs,. As a result, all
animals became infected regardless of the immunogens re-
ceived (Table 6). Furthermore, at least during the 3-month
follow-up, the different groups exhibited comparable viral bur-
dens (Fig. 5) and circulating CD4" T-lymphocyte losses (data
not shown). Notably, postinfection ELISA antibody titers
showed no evidence of an anamnestic response in the vacci-
nees (data not shown).

DISCUSSION

We have produced and tested four cell-based FIV vaccines,
all of which were custom made, i.e., prepared for each pro-
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TABLE 5. Proliferative responses of PBMC from vaccinated cats to FIV antigens at different times after initiation of immunization

Lymphoproliferative response® at:

Group 1 mo 4.25 mo 5.5 mo® 14.5 mo®
FIV FIV gp FIV FIV gp FIV FIV gp FIV FIV gp

FCPLB 2/5 (2-3) 2/5(2.1) 4/5 (2-7) 3/5 (4-6) 4/5 (3-4) 2/5 (3-4) 1/2(2) 1/2 (3)
ID-1 3/5 (4-5) 2/5 (2-3) 3/5(3-5) 3/5 (2-4) 3/5(2-3) 2/5 (3-5) 2/3(2) 2/3(2-3)
ID-2 3/5(2-8) 2/5(7-8) 3/5 (6-11) 2/5 (3-7) 2/5(2-3) 2/5 (2-3) 2/3 (2-5) 2/3 (2-3)
ID-3 4/5 (3-15) 4/5 (2-15) 4/5 (2-8) 3/5(3-4) 3/5(2-4) 2/5 (2-3) 3/4 (3-5) 3/4 (3-4)
Mock-1 0/4 0/4 0/4 0/4 0/4 0/4 0/4 0/4
Mock-2 0/5 0/5 0/5 0/5 0/5 0/5 0/4 0/4

“ Results are presented as the number of animals with an SI of =2/the total number of animals examinated. In parentheses, the range of values observed is given.
Responses to control gp from uninfected MBM cells, in which the viral antigens were produced, were uniformly negative at all times tested.

® First challenge.
¢ Second challenge.

spective vaccinee with its own PLB. One vaccine (FC*™®) was
“conventional” in that it was composed of fixed massively in-
fected cells similar to other previously tested cell-based FIV
vaccines (3, 16, 27, 31, 38, 67, 68). The others were variations
around the feasibility of producing immunogens enriched in
ID epitopes and consisted of cells fixed after adsorption of

internally inactivated FIV particles onto the cell surface in the
presence or absence of two peptide inhibitors of virus entry.
Disappointingly, none of these vaccines protected against chal-
lenge with homologous ex vivo-derived FIV, thus proving
clearly inferior to the previously described FCMPM vaccine (37,
38). In fact, after a suboptimal-dose challenge, the rates of

Plasma viremia Proviral load Infectious cell load
A B A B A B
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FIG. 5. Plasma viremia and proviral and infectious cell burdens in the PBMC of vaccinated and mock-immunized cats that became infected
after the first (A) and second (B) FIV challenges.
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TABLE 6. Virological, serological, and immunological markers of infection in vaccinated and mock-immunized cats after FIV challenge

Presence of marker at indicated time after first challenge”

Cat group

Cats with productive infection (no.
of cats positive/total no. of cats) at:

and no.” 1 mo 3 mo

6 mo

6 mo after 3 mo after

VI PCR CD4 VI PCR

CD4

first challenge second challenge

VI PCR CD4

FcPLB
2664
2668
2669
2674
2675

L+ +
+ +
I+ +

ID-1
2618
2619
2620
2624
2626

ID-2
2627
2628
2631
2632
2633

1D-3
2635
2637
2638
2640
2641

Mock-1
2599
2607
2612
2614

Mock-2
2646
2647
2651
2658
2659

+ +

3/5 2/2

+ +
+ +
+ +

2/5 3/3

2/5 3/3

1/5 4/4

0/4 4/4

1/5 4/4

¢ All animals were virus isolation and PCR negative at the time of challenge.

> VI (+ and —), positive and negative virus isolation by coculture with MBM cells, respectively; PCR (+ and —), positive and negative TM-PCR for proviral FIV
gag sequences in PBMC, respectively; S (+ and —), ELISA antibody titer at least fourfold higher than and not significantly different from the time-of-challenge level,
respectively; CD4 (+ and —), CD4" T-lymphocyte count reduced by =50% and not significantly different from the time-of-challenge level, respectively.

infection in the vaccinees were similar or higher than in par-
allel animals mock immunized with fixed autologous PLB
alone and, after a larger challenge, all animals became equally
infected. Thus, the present results are in line with a report by
Karlas et al. (31), who observed that cats immunized with six
shots of 5 X 10° fixed autologous PLB containing 1 to 5%
FIV-expressing cells were not protected and exhibited an ac-
celerated course of FIV infection.

Substantial evidence indicates that, to confer protection,
candidate antilentiviral vaccines have to stimulate and sustain
robust humoral and cell-mediated immune responses (25). For
example, the need for neutralizing antibodies to be high in titer
in order to correlate with vaccinal protection has recently been
emphasized with FIV (23) and other animal models of AIDS
vaccination as well (22, 43, 49). The levels of FIV-specific

lymphoproliferation generated by the present autologous cell-
based vaccines were only moderately lower than those previ-
ously observed in FCMBM vaccine-protected cats, but elicited
antibodies were scarce in specificity, as shown by the consid-
erable reductions in FIV and FIV gp binding titers observed
after adsorption of sera with host cells. In addition, antibodies
had very poor virus-neutralizing activity, and under one con-
dition of testing the ID vaccines sera caused an enhancement
of in vitro FIV replication. As a further weakness, the vaccines
appeared to be incapable of priming animals for anamnestic
immune responses.

A stringent comparison of the performances of the present
vaccines and the previously tested FCMBM vaccine (38) is not
possible because, due to the different cell substrate, the immu-
nizing doses of the former contained between 7-fold (FCP™®)
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and 18-fold (ID-3) fewer virus-expressing cells. This probably
reflected a lower ability of fresh PLB to support FIV replica-
tion relative to highly susceptible lymphoid cell lines (18, 29).
Some of the frustrating results obtained here are, however,
hard to explain solely on the basis of the lower quantity of virus
antigen administered. For example, enhancement of FIV in-
fection and failure to prime for secondary immune responses
are best explained on the basis of differences in the quality of
the immunogenic stimuli provided. Except for the type of sub-
strate cell used, FCP™ was formulated exactly as was the
FCMBM vaccine, which had been prepared with a lymphoid
T-cell line. Thus, it seems logical to attribute the unsatisfactory
performance of at least this immunogen to the use of autolo-
gous PLB. Interestingly, the FC"™" vaccine consumed less neu-
tralizing antibody activity in vitro than did the FCM®M vaccine,
a finding suggestive of a less efficient expression of neutraliza-
tion epitopes. Why this should occur is unclear, but under-
standing it is clearly important.

The use of autologous PLB as a substrate was suggested by
the desire for keeping the contents in nonrelevant, competing
antigenic determinants of the vaccines as low as possible, thus
favoring immune responses to viral determinants. Although
the induction of anti-cell antibodies by in vitro-cultured autol-
ogous cells is not unprecedented (33), the development of the
remarkably high levels of such antibodies that were observed
was unexpected. Because the virus-negative mock immunogens
also produced abundant anti-cell antibodies, the effect is most
likely attributable to paraformaldehyde fixation, possibly in
combination with mitogen stimulation of vaccine cells and ad-
juvant administration (36). In any case, the occurrence of a
robust humoral response to cell antigens may have reduced
responses to viral determinant by mechanisms such as anti-
genic competition and rapid immune elimination of repeatedly
inoculated vaccine cells. Notably, in contrast to what was pre-
viously observed with the sera of FCM®M.vaccinated cats (23),
we found no evidence here nor in our previous study that
anti-autologous cell antibodies interfered with detection of
virus neutralizing antibodies. Also, lymphoproliferative assays
showed no evidence that the vaccinees had mounted cell-me-
diated responses to cellular antigens.

Most antilentiviral vaccines tested to date have failed to
reproducibly elicit antibodies capable of neutralizing a wide
spectrum of primary viral isolates (44-46, 50). As mentioned
earlier, in the case of HIV-1 this has been attributed to the
cryptic status of conserved neutralization epitopes in viral par-
ticles, based on the observation that these became functional
after the viral Env was allowed to interact with cell receptors
(47). One aim of the present study was to ascertain whether
FIV-neutralizing antibody responses of increased breadth are
evocable with variously designed cell-based vaccines. That the
modest neutralizing antibody responses elicited by some such
vaccines, as well as the more potent ones elicited by the
FCMBM vaccine (23), failed to inhibit heterologous FIV iso-
lates represents another disturbing finding. There are several
possible explanations. First, the weak overall FIV-specific an-
tigenic stimulus conveyed by the ID vaccines may have not
permitted responses to poorly immunogenic epitopes. Increas-
ing stimulus strength—for example, by using multiple-subtype
vaccines (53)-might obviate this limitation. Second, formula-
tions may have been inappropriate to unveil cryptic conserved
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neutralization epitopes. Studies with HIV-1 have indicated
that ID epitopes may remain occluded at viral Env-cell inter-
faces, probably due to the close proximity of the interacting
membranes (17, 42). Third, FIV might possess no key con-
served ID neutralization determinants. According to recent
data, FIV enters cells via a two-receptor mechanism like recent
HIV-1 and SIV isolates (7, 8, 12, 20, 48, 55, 65, 66), but this
does not necessarily imply that FIV possesses neutralization
epitopes that are rendered functional by conformational
changes of its Env. The present findings clearly indicate that
generating broadly neutralizing antibodies to FIV will most
likely require more sophisticated immunogens than were used
here such as, for example, soluble compounds designed to
selectively mimic the relevant target viral structures (2, 5, 9, 17,
19, 30, 69). Further, these findings suggest the possibility that
putative ID immunogens elicit FIV-enhancing and -neutraliz-
ing antibodies. Precedents for this are the HIV-1-enhancing
effects exerted by some antibodies raised with the gp120-CD4
binding complex (26, 34).
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